Fragile X mental retardation protein, FMRP, is absent in patients with fragile X syndrome, a common form of mental retardation. FMRP is a nucleocytoplasmic RNA binding protein that is primarily associated with polyribosomes. FMRP is believed to be a translational repressor and may regulate the translation of certain mRNAs at the base of dendritic spines in neurons. However, little is known about the regulation of FMRP. Using mass spectrometry and site-directed mutagenesis, we show that FMRP is phosphorylated between residues 483 and 521, N-terminal to the RGG box, both in murine brain and in cultured cells. Primary phosphorylation occurs on the highly conserved serine 499, which triggers hierarchical phosphorylation of nearby serines. FMRP is phosphorylated within 2-4 h of synthesis, however, phosphorylation has no effect on the half-life of the protein. In contrast to the Drosophila ortholog dFxr, the phosphorylation status of mammalian FMRP does not influence its association with specific mRNAs in vivo. However, we find unphosphorylated FMRP associated with actively translating polyribosomes while a fraction of phosphorylated FMRP is associated with apparently stalled polyribosomes. Our data suggest that the phosphorylation may regulate FMRP and that the release of FMRP-induced translational suppression may involve a dephosphorylation signal.
INTRODUCTION
Fragile X syndrome is one of the most common forms of inherited mental retardation, affecting 1/4000 males and 1/8000 females (reviewed in 1). As its name would suggest, individuals with fragile X syndrome have a visible constriction at the distal end of the X chromosome (2, 3) . This region was positionally cloned and shown to contain the FMR1 gene (reviewed in 1). Expansion of a CGG repeat in the 5 0 UTR causes transcriptional silencing of FMR1 in fragile X syndrome (4, 5) . Thus, affected individuals are unable to express the protein product of the FMR1 locus, FMRP, indicating a role for FMRP in normal cognitive function.
FMRP has RNA-binding motifs including two hnRNP K-protein homology (KH) domains and an RGG box (6, 7) . FMRP binds mRNA both in vitro as a purified recombinant protein (8, 9) and in cells as identified by co-immunoprecipitation experiments (10) . Recently the identities of the in vivo associated mRNAs to which FMRP binds have been elucidated (11) (12) (13) (14) .
FMRP associates with the heavy-sedimenting, polyribosome structures that contain mRNAs bound by multiple ribosomes (15) (16) (17) (18) . This ribosome association was demonstrated as critical to FMRP function by the severity of the fragile X phenotype observed in a patient with a I304N mutation whose FMR protein no longer associates with ribosomes (19, 20) . These observations led to the hypothesis that FMRP modulates the translation of its associated mRNAs. Indeed, mRNAs found associated with FMRP by co-immunoprecipitation studies also had altered association with polyribosomes in the absence of FMRP (12) . In addition, over-expression of FMRP suppresses translation of mRNAs both in vitro and in vivo (21) (22) (23) , suggesting that FMRP interacts with the translational apparatus to modulate protein expression of associated RNAs.
Post-translational modifications, in particular phosphorylation, have been shown to modulate nuclear shuttling, RNA binding and protein-protein interactions in proteins with structural features similar to FMRP (24-27 and reviewed in 28, 29) . Recently, the Drosophila ortholog of FMRP, dFxr, was shown to be phosphorylated on a highly conserved serine (30) . We show here that murine FMRP is primarily phosphorylated on this same conserved serine residue (numbered as 499 in mouse) both in cultured cells and in the mouse brain. In vitro phosphorylation of purified recombinant dFxr increased its ability to associate with homopolymers of RNA (30) . However, we found that unlike the Drosophila ortholog, the phosphorylation state of serine 499 has no effect on the ability of mammalian FMRP to associate with RNAs known to bind FMRP in vivo. Rather, we found evidence that phosphorylated FMRP may be associated with stalled ribosomes suggesting that dephosphorylation may trigger the translation of FMRP-associated messages.
RESULTS

FMRP is phosphorylated on multiple residues both in cultured cells and in brain
To determine whether mammalian FMRP is a phosphoprotein, we metabolically-labeled cells with [ 32 P]orthophosphoric acid and isolated Flag-tagged FMRP by immunoprecipitation with an anti-Flag antibody as described previously (10) . We observed an 80 kDa phosphoprotein in the Flag-FMRPexpressing transfectant that was not present in the empty vector cell line (Fig. 1A ) and confirmed that this was FMRP by western blotting (data not shown). To ascertain which amino acid was the kinase substrate, we gel-purified phospho-FMRP, performed phosphoamino acid analysis and found that FMRP was phosphorylated primarily on serine residues (Fig. 1B) . This observation was confirmed in a number of other cultured mammalian cell lines including Cos 7, NIH 3T3 and HeLa cells (data not shown). To identify which of the 47 serines in FMRP is phosphorylated, we used the mass spectrometry-based method of precursor ion scanning where tryptic peptides are ionized and analyzed on a triple quadrupole mass spectrometer (31) . FMRP was isolated from a large-scale purification, digested with trypsin and an aliquot was analyzed by MALDI-TOF, confirming the band as FMRP (data not shown). Precursor ion scanning of the tryptic digest reproducibly showed phosphorylation in a single region of FMRP (amino acids 483-521) with one, two or three phosphoresidues (Table 1 , top). The data from the precursor ion scan narrowed the region of FMRP-phosphorylation to a 38 amino acid peptide located between the nuclear export sequence and the RGG box that contains seven serines shown in bold ( Fig. 2A) .
To ask if the above data could be generalized to the mammalian brain, we isolated FMRP from murine brains and submitted it for phosphoamino acid analysis by MS/MS. Three phosphopeptides were identified by mass spectrometry and were identical to or within the phosphopeptides identified by PIS (Table 1, bottom) . Although there were insufficient ions to identify the exact phospho-residue by further MS/MS fragmentation, the pattern of unphosphorylated subfragments from each of these peptides allowed us to further narrow the region of phosphorylation.
Thus, in mouse brain, S496, S499, T501 and S503 are possible kinase substrates ( Fig. 2A, arrows) . This region of FMRP, phosphorylated both in cultured mammalian cells and in brain, contains serine 499, the highly conserved residue found phosphorylated in the Drosophila ortholog dFxr (30) .
To examine if serine 499 is a primary phosphorylation site, we used site-directed mutagenesis to replace this serine with either an alanine (Ala), which cannot be phosphorylated or an aspartic acid (Asp), which mimics phosphorylation (32) . These stable transfectants do not over-express FMRP with each line expressing nearly equivalent amounts of modified FMRP, in levels consistent with endogenous FMRP levels in other cell types. Using [ 32 P]orthophosphoric acid label, the alaninesubstituted FMRP was virtually unphosphorylated (Fig. 2B) . However, the aspartic acid substitution partially restored phosphorylation, even though aspartic acid itself is not a substrate for a kinase. This observation suggests that a negative charge at position 499 triggers phosphorylation of a second site within the 496-503 region that flanks the primary phosphorylation site at 499. Western blot analysis shows that equal amounts of the flag-encoded transgenes were analyzed (Fig. 2B,  lower ). These data demonstrate that serine 499 is the primary phosphorlation site and that asp substitution for this serine is recognized by the cell as phosphoserine triggering hierarchical phosphorylation of nearby residues. Serine 499 does not affect the half-life of FMRP PEST sequences, which are stretches of proline (P), glutamic acid (E), serine (S) and threonine (T), can mediate the rapid destruction of proteins with short half-lives and can be modulated by phosphorylation (33) (34) (35) (36) (37) . The region of FMRP that is phosphorylated lies within a potential PEST sequence (www.at.embnet.org/embnet/tools/bio/PESTfind/). To establish whether or not FMRP degradation was modulated by a PEST sequence, we determined the half-life of the wild-type transfectant and the Fmr proteins with substitutions for serine 499 by pulse-chase analysis. We found that the half-life of FMRP, regardless of the amino acid at position 499, is $30 h in the L-M (TK-) cells (Fig. 3A) . Thus, FMRP is a long-lived protein and its half-life appears unchanged by phosphorylation at serine 499 in these cells.
Comparison of FMRP at 36 h to the newly-synthesized FMRP at the pulse-point suggests a small difference in the size of the protein (Fig. 3A) . Newly synthesized FMRP appears to migrate slightly faster than it does at later time points. Phosphorylation can increase the size of a protein by 79 daltons for each site (31) . In addition, a small reduction in electrophoretic mobility of phosphorylated proteins has been previously observed (38) . We determined when phosphorylation was occurring by analyzing the migration of FMRP during shorter chase times and on a lower percentage acrylamide gel. In Figure 3B , FMRP increased in size after 2 h of chase. We confirmed this in an independent experiment where the pulse (0) and 4 h chase points were treated with phosphatase ( Fig. 3C ). Phosphatase treatment reduced the mobility of the 4 h FMRP but not of the newly-synthesized FMRP. Thus, FMRP is phosphorylated within 2-4 h after translation and this phosphorylation is still evident after 36 h.
Amino acid 499 has no effect on the association of FMRP with RNAs in cells
Since the primary phosphorylation site in FMRP is $30 amino acids N-terminal to the RGG box, known to bind the G-quartet structure of associated mRNAs (11,13), we hypothesized that phosphorylation might modulate RNA binding. Indeed, in vitro evidence has been published indicating that Drosophila dFxr protein exhibits heightened RNA homopolymer binding when phosphorylated. To test whether or not phosphorylation of mammalian FMRP influences RNA binding we chose a more global in vivo screen using microarrays since previous approaches to this question are limited to either in vitro methodologies or examination of artificial homopolymers or, at best, a limited number of natural messages (9, 30) . We immunoprecipitated FMRP from the VC, WT, Ala and Asp Flag-FMRP-expressing cell lines, all containing comparable amounts of transgene product (Fig. 4A) , and analyzed the associated RNAs using Affymetrix oligonucleotide microarrays. In two independent experiments, we interrogated 12 473 genes, found 4779 or $39% expressed in these cultured cells and identified 214 transcripts immunoprecipitated with WT FMRP (Fig. 4B  and Supplementary Table 1 for the complete dataset). These 214 co-immunoprecipitating transcripts reflect 4.5% of the expressed messages from the L-M(TK-) cells, which agrees well with the nearly 4% of messages co-immunoprecipitated with FMRP from the mouse brain (12) . We evaluated the co-immunoprecipitating transcripts from the WT, Ala and Asp versions of FMRP utilizing Affymetrix comparison analysis and unpaired t-tests for significance. Using these criteria, only one transcript showed a significant difference while >99.5% of the associated transcripts showed no significant difference regardless of the amino acid substitution at position 499. The sole significant deviation was for an unknown EST on chromosome 5 (97437_f_at) that bound less well to the Asp-substituted FMRP compared to WT. Despite this single outlier, perhaps due to multiple testing, these data clearly suggest that the phosphorylation status of FMRP does not substantially modify global mRNA association.
To examine this data at the level of individual mRNAs, we examined nine previously published FMRP RNA ligands from mouse brain (12) that were present in the WT IP. Figure 4C shows the intensity values for these nine genes in the VC, WT, Ala and Asp IPs. None of these nine showed a significant difference in the quantity of RNA between WT and Ala IPs or between WT and Asp IPs by the criteria used above. 
The effect of phosphorylation on polyribosome-association
Despite the fact that serine 499 is conserved in all known paralogs and orthologs of FMRP (30), we found no evidence that phosphorylation of this site in mammalian FMRP influences RNA-binding. Since FMRP is found associated with polyribosomes (16) (17) (18) 20) and likely plays a role in translation (14, (21) (22) (23) , we examined the localization of the WT and serine-substituted Fmr proteins on polyribosomes (Fig. 5) . Under steady-state conditions, there was no difference in Flag-FMRP polysome localization between the WT, Ala and Asp-expressing transfectants in three independent experiments (Figs 5 and 6). By scanning densitometry, 43% (WT), 49% (Ala) and 34% (Asp) of the total Fmr protein was found in fractions 8-10, containing the heavy polyribosomes (not significantly different, Figs 5, upper, and 6) .
To determine if the phosphorylation status of serine 499 influences ribosome migration, we next performed ribosome run-off experiments by treating cells with sodium azide, a nonspecific inhibitor of translation initiation that does not affect elongation and has been extensively utilized for such analyses (20, 39, 40) . When translation initiation is inhibited, the ribosomes involved in active translation will continue to move along the RNA without a new round of ribosome assembly. This results in the loss of heavy polysomes in the profiles as the complexes become lighter and in the accumulation of monosomes (compare the size of the 80 s peak between the upper and lower panels as well as the loss of polysomes in the sodium azide-treated lower panels of Fig. 5 ). The polysome fractions were probed with an antibody to the ribosomal S6 protein to show that ribosome runoff had occurred in response to the sodium azide treatment (compare the upper panels of Fig. 5 where S6 is found in fractions 2-10, to the lower panels which show that following sodium azide treatment, S6 falls back primarily to fractions 2-6). Examination of the sodium azide-treated cells by electron microscopy revealed a loss of polyribosomes upon treatment, but maintenance of the cellular architecture (data not shown).
When the FMR proteins were examined in three independent experiments, there was a significant loss of the WT and Aspsubstituted proteins from the heavy polysomes upon sodium azide treatment. On average, there was a 44% reduction in FMRP in fractions 8-10 in WT azide compared to WT and a 51% reduction in Asp azide compared to Asp (Fig. 6) . However, the unphosphorylated FMRP is almost completely absent from the heavy fractions after sodium azide treatment showing a 93% reduction in fractions 8-10 between Ala and Ala azide (Figs 5 and 6 ). This result suggests unphosphorylated FMRP runs-off more quickly than phosphorylated FMRP, which appears resistant to run-off and may be associated with stalled polyribosomes. Furthermore, we observed a persistence of middle-sized polysomes in fractions 5-7 of both the WT and Asp transfectants after sodium azide treatment that was not present in the Ala-expressing cells. To determine if this was a dominant effect of expressing ectopic FMRP, we examined the polysome profiles in a run-off experiment with the vector-only expressing cell line (VC) and found that, like Ala, there were no persistent polysomes in fractions 5-7. Our results suggest that the phosphorylated FMRP found in WT and Asp is resistant to run-off in association with the apparently stalled polysomes visible in fractions 5-7. Conversely, unphosphorylated FMRP is associated with actively translating polysomes that readily run-off transcripts in the presence of an inhibitor of translation initiation. To rule out the possibility that the appearance of FMRP on polysomes was due to a phenomenon other than ribosome association, such as aggregation, we examined the mRNP size of the different FMRP-mRNPs by treating with EDTA, known to disrupt the ribosomes. After EDTA treatment, WT, Ala and Asp Flag-FMRP form heavy mRNP particles of similar size, slightly larger than the large ribosomal subunit (Fig. 7, upper) . Furthermore, treatment of the lysates prior to centrifugation with RNase demonstrates the co-fractionation of all versions of Flag-FMRP with the polyribosomes is RNA dependent (Fig. 7,  lower) .
Phosphorylation has no effect on the subcellular localization of FMRP To determine whether or not the phosphorylation of FMRP affects its subcellular localization of FMRP, we stained WT, Ala and Asp Flag-FMRP expressing L-M(TK-) (Fig. 8) . Neither the Ala nor the Asp substitution at residue 499 had any effect on the characteristic diffuse cytoplasmic staining of FMRP. These data also demonstrate the lack of granules of FMRP, further strengthening our conclusion that FMRP is not aggregating in these cells.
DISCUSSION
Evidence has been presented suggesting FMRP is a negative regulator of translation (21) (22) (23) . FMRP isolated from brain associates with a limited number of mRNAs (12, 14) and is found associated with ribosomes at the base of dendritic spines (41) . Taken together, these data suggest the hypothesis that FMRP-bound mRNAs may be positioned on stalled ribosomes awaiting a signal to resume translation in order to supply the bolus of locally synthesized proteins required for synaptic plasticity. In this work, we probed what that signal might be. We show here that mammalian FMRP is phosphorylated on a short sequence N-terminal to the RGG box with primary phosphorylation occurring at serine 499. In pulse-chase experiments, we find FMRP phosphorylated 2-4 h after synthesis and that phosphorylation at position 499 does not (12) . No Ala or Asp value is significantly different from the WT value by Affymetrix analysis nor are there any differences by t-test except: *WT >Asp for transcript 4, P < 0.05. Table shows the Affymetrix and GenBank identities as well as a description of each of the transcripts shown.
affect the half-life of FMRP. Finally, dephosphorylation of FMRP appears to release translation inhibition as indicated by its ability to be freely run-off ribosomes in the presence of sodium azide.
Although phosphorylation of Drosophila dFxr was shown in vitro to enhance binding to homopolymers of RNA (30), we find that in vivo, phosphorylation of mammalian FMRP does not significantly affect the amount or identities of individual RNAs immunoprecipitated with FMRP. This difference between Drosophila and mammalian FMRP may be due to the fact that a single ortholog of FMR1 is present in Drosophila while, in mammals, three paralogs exist with greater than 60% identity (42) . Thus, the Drosophila results could be true for the mammalian FXR1 and FXR2 proteins but not for FMRP. Secondly, the Drosophila results were performed in vitro in a cell free approach that may or may not truly reflect the in vivo conditions of our experiments. Third, it is possible that the Drosophila results indeed occur with purified mammalian FMRP, but under the physiological conditions of our study, the RNP complex itself was examined rather than FMRP alone, potentially masking any direct effect of phosphorylation of FMRP alone. However, this possibility would likely be of little physiologic consequence since FMRP appears rarely, if ever, as a free protein in mammalian cells (20) .
Serine 499 is responsible for >85% of the phosphorylation of FMRP in cells (Fig. 2B) , although both PIS and MS/MS and our labeling experiments of the Asp-substituted FMRP identify at least one other phosphorylated residue in FMRP. FMRP may be phosphorylated in a hierarchical fashion (43) where secondary phosphorylation only occurs subsequent to phosphorylation of serine 499. This possibility is supported by the observation that an aspartic acid at 499 mimics phosphoserine and triggers secondary phosphorylation (Fig. 2C) . In pulsechase experiments, we found that FMRP was phosphorylated 2-4 h after synthesis. Since Fmr protein is insoluble upon isoelectric focusing, 2D analysis to quantify the exact percentage of phosphorylated FMRP was not possible. Experiments to raise phospho-FMRP specific antibodies are ongoing.
Siomi et al. (30) used CK2 to in vitro phosphorylate dFxr. Indeed, serine 499 lies within predicted CK2 and GSK3 consensus sequences (expasy.cbr.nrc.ca/cgi-bin/scanprosite) and we have observed that both kinases phosphorylate WT FMRP and fail to phosphorylate the alanine-substituted FMRP in vitro (data not shown). However, whether or not these are the major in vivo kinases remains to be established.
To examine whether phosphorylation played a role in translation regulation, we performed ribosome run-off experiments using sodium azide to inhibit translation initiation (20, 39, 40) . We were unable to use pactamycin, a specific inhibitor of translation elongation (44) , as it is no longer available, and puromycin, a polypeptide chain terminator, that requires in vitro NaCl concentration that disrupts the FMRPpolyribosome association (39) . Although incubation with sodium azide is pleiotropic, in our experiments it did not change the intracellular architecture of the cells based on electron microscopy (data not shown). Translation run-off showed that a fraction of phosphorylated FMRP is found associated with apparently stalled ribosomes while unphosphorylated FMRP is associated only with actively translating ribosomes. It should be noted that a recent study suggests FMRP does not associate with polyribosomes in brain lysates or in synaptoneurosomes (45) . However, the presence of deoxycholate in those experiments would have altered the sedimentation properties of FMRP-stripping it from the ribosomes (15) . Thus, deoxycholate is not typically used to examine FMRP polyribosomes (15, 18, 20) .
Local protein synthesis in dendrites is thought to be required for synaptic plasticity and information storage (46) involving a number of kinases and phosphatases (47) (48) (49) (50) (51) . How this local protein synthesis is regulated is poorly understood, but one hypothesis is that selected messages are stored at the base of dendritic spines in association with stalled ribosomes and following the appropriate signal, these messages immediately are translated, providing a bolus of the locally required protein(s). The data reported above fit well into this hypothesis. FMRP is found associated with a subset of messages (12, 14) , is found at the base of dendritic spines (41) , and is a translational repressor (21, 22) . We suggest, based upon the experiments above, that the FMRP associated with stalled ribosomes is serine 499 phosphorylated and that a possible signal to trigger translation of the associated messages may be the dephosphorylation of FMRP. Thus, the absence of FMRP may lead to cognitive deficits by the dysregulation of the local translation of key mRNAs at the base of dendritic spines.
MATERIALS AND METHODS
Cell lines and DNA constructs
Transfected L-M(TK-) cells were maintained and characterized as described (10) . Site-directed mutagenesis was performed on either the Flag-Fmr1 in the RSV.gpt [5] vector or DS-Red-Fmr1 using the QuickChange XL site-directed mutagenesis kit (Stratagene). The alanine substitution at 499 was introduced by using the following primers: forward GCATCAAATGCTG CTGAAACAGAATCTGACCACA GAGAC; reverse GTCTC TGTGGTCAGATTCTGTTTCAGCAGCATTTGATGC. The aspartic acid at 499 was introduced using the following primers: forward GCATCAAATGCTGACGAAACAGAATC TGACCACAGAGAC; reverse GTCTCT GTGGTCAGATTC TGTTTCGTCAGCATTTGATGC.
Metabolic labeling
Cells 5 Â 10 5 -10 6 were plated in 60 mm tissue culture dishes. The following day, the cells were rinsed twice in either phosphate-free or methionine-free DMEM (GibcoBRL) and labeled in DMEM supplemented with 5-10% dialyzed FCS and 1 mCi/ml of [ 32 P]orthophosphoric acid (NEN) for 10 h or in 250 mCi/ml of [ 35 S]methionine (Amersham) for 30 min. If the cells were being 'chased', they were incubated in prewarmed complete media supplemented with 15 mg/ml of methionine and harvested at the appropriate chase time point. Labeled cells were washed twice in ice-cold PBS and lysed in 1 ml per dish of lysis buffer (50 mM Tris-HCl, 300 mM NaCl, 30 mM EDTA, 0.5% Triton X-100, pH 7.6) with proteaseinhibitor tablets (Roche) and phosphatase inhibitors (Sigma). All subsequent manipulations were carried out at 4 C or on ice as described (10) . The lysates were sequentially pre-cleared for 1 h with 100 ml per sample of protein G agarose (Boehringer Mannheim) and then for 1-2 h with an irrelevant antibody (16-1-11N-American Type Culture Collection). The lysate was then immunoprecipitated for 2-3 h with 50 ml of the antiFlag M2 matrix. After immunoprecipitation, the matrix was washed and eluted as described (10) . The proteins were resolved on either a 6 or a 7.5% SDS polyacrylamide gel and either fixed (10% acetic acid, 30% methanol) for 20-30 min before drying (75 C for 45 min) or transferred to nitrocellulose (Schleicher and Schuell) or PVDF membrane (Amersham) for subsequent autoradiography and/or western blotting.
Antibodies and western blotting
The anti-FMRP antibody, MAb1a, was obtained from Dr JeanLouis Mandel at the Institute of Genetics in llkirch, France and the S6 antibody was obtained from Cell Signalling Technology and used per manufacturer's instructions. The anti-Flag M2 antibody was obtained from Sigma and used at 0.25 mg/ml. Antibody reactivity was visualized using either an anti-mouse HRP conjugate (KPL) or an anti-rabbit HRP conjugate (Amersham) and developed with ECL (Amersham).
Phosphoamino acid analysis
Phosphoamino acid analysis was performed with modifications to the method described (52) . The FMRP band was cut from the membrane and hydrolyzed in 6 M HCl at 110 C for 1 h. The samples were spotted onto TLC plates that were electrophoresed at pH 1.9 (horizontal) and then at pH 3.5 (vertical). The plates were visualized via phosphoimager.
Large-scale purification of FMRP
Approximately 10 9 Flag-FMRP-expressing L-M(TK-) cells were harvested and immunoprecipitated as described (10) . The Flag-mRNP was eluted by resuspending the matrix in 0.3 ml of 1 Â SDS sample buffer prepared without glycerol, B-mercaptoethanol or bromophenol and then boiled. The eluted FMRP was purified from associated proteins by re-immunoprecipitating with the 7G1-1 antibody-coupled to protein A sepharose (12) overnight. The matrix was washed twice and boiled in 1Â sample buffer. The proteins were resolved on a 7.5% SDS polyacrylamide gel and stained with Coomassie Brilliant blue to visualize the purified FMRP.
FMRP was isolated from mouse brain by asphyxiating 20 adult C57Bl/6 mice with CO 2 , harvesting the brains and preparing lysate as described (12) . The clarified supernatant was immunoprecipitated with an FMRP-immunoprecipitating antibody, 6G2, which will be described elsewhere (S. Ceman, manuscript in preparation). The immunoprecipitated material was re-immunoprecipitated with 7G1-1 as described above. The purified FMRP was identified by Coomassie Brilliant blue staining and sent to the Harvard Microchemical facility where the tryptic peptides were analyzed using microcapillary reverse-phase HPLC nano-electrospray tandem mass spectrometry (uLC/MS/MS) on a Finnigan LCQ DECA quadrupole ion trap mass spectrometer.
Precursor ion scan mass spectrometry
The FMRP band was excised, washed and digested with sequencing grade trypsin (Promega) overnight. The nanocolumn was prepared and operated essentially as previously described (53) . Each nano-column fraction was analyzed separately on an API 3000 triple quadrupole (PE-Sciex, Ontario, Canada) with a nanoelectrospray source installed (Protana, Denmark). For each fraction, a Q1 scan was collected in both the positive and negative ion modes (data not shown). For precursor ion scans, the instrument was set to scan for negative ions, and the collision energy and collision gas were optimized to efficiently produce the desired phosphate (PO C. Before immunoprecipitation, the anti-Flag M2-coupled-matrix (Sigma) was pre-blocked with 0.12 mg/ml of BSA (NEB), glycogen (Ambion) and tRNA (Gibco) for 1 h. The lysates were then immunoprecipitated for 3 h with 50 ml of the pre-blocked M2 matrix followed by 3-10 min washes. The last wash contained 30 units of RNAse-free DNAse (Promega). The immunoprecipitates were resuspended in 150 ml of nucleasefree water (Ambion) plus 0.1 mg of proteinase K (Sigma) and incubated at 37 C for 15 min. The reaction was phenol/ chloroform extracted and ethanol-precipitated to isolate associated RNAs. Immunoprecipitated RNAs and pre-cleared inputs were prepared for genechip analysis on the MG-U74Av2 chips using standard Affymetrix protocols.
Data analysis was performed using Affymetrix Microarray Suite 5.0 and Spotfire DecisionSite 7.0. A specific transcript was considered to be an FMRP ligand if it met the following criteria: (i) the transcript was 'present' by Affymetrix absolute analysis algorithms in both replicates of the FMRP IP; (ii) it was 'increased' in each FMRP IP compared to each VC IP (four total comparisons); and (iii) it was 'increased' when compared to the pre-cleared input. Affymetrix comparison analyses as well as unpaired t-tests were used to compare the WT IP to the Ala IP and to the Asp IP.
Linear sucrose gradient fractionation
Transfected murine fibroblast L-M(TK-) cells were plated at 1.25-1.39 Â 10 7 cells/25 mls in T225 flasks two days before harvesting. For analysis of the polyribosomes, the cells were treated for 15 min with cycloheximide (100 mg/ml) as described (20) . For the run-off experiments, the cells were treated for 30 min with 20-25 mM sodium azide. Linear 15-45% sucrose gradients containing 100 mM KCl, 20 mM Tris (pH 7.5), 5 mM MgCl 2 were prepared using a gradient maker (BioComp). Cells were trypsinized, washed in PBS and lysed in the buffer described above supplemented with 0.3% IGEPAL CA-630 (Sigma). In the EDTA treatment experiments, cell lysis was performed in the presence of 30 mM EDTA, and fractionation was performed in the presence of 5 mM EDTA. For the RNase experiments, prior to centrifugation, lysates were treated with 300 mg/ml RNase A at 30 C for 15 min. Postnuclear supernatants were overlayed on the gradient and centrifuged for 75 min at 188 000g at 4 C. Each gradient was fractionated into 1 ml fractions by bottom displacement using a gradient fractionator (Isco) with the ribosomal profile monitored at OD 254 . Prior to SDS-PAGE analysis, 40 ml of each fraction was denatured in 1Â Laemmli buffer. Westerns were quantified using densitometry and t-tests were performed on each comparison to determine significance. Fluorescence microscopy WT, Ala or Asp Flag-FMRP expressing L-M(TK-) cells were plated on chamber slides (Lab-Tek) overnight. The cells were washed twice with PBS, and fixed in 4% paraformaldehyde for 20 min at room temperature. After two PBS washes the cells were then permeabilized with 0.1% triton X for 5 min at room temperature. The cells were then blocked in 10% fetal calf serum at 37 C for 1 h. Anti-FMRP MAb1a primary antibody was applied for 2 h at 37 C. The slides were then washed 3 Â 5 min in PBS and subjected to secondary staining with Alexa Fluor 488 goat anti-mouse antibody (Molecular Probes).
